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Abstract
A

host−guest

complex

of

6-mercaptonicotinic

acid

(MNA)

and

cucurbit[7]uril (CB7) was prepared and conjugated to γ-Fe2O3 nanoparticles (NPs) to
detect toxic cadmium ions in water as a solid state sensor. The formation of an
inclusion host−guest complex with CB7 was confirmed by UV−vis absorption and
proton NMR spectroscopy. CB7 preferentially binds the protonated MNA form
compared to the neutral form, demonstrated by a binding constant for the protonated
form that is four orders of magnitude higher than the neutral form. An increase in the
pKa of MNA by 1.2 units was demonstrated after the addition of CB7, which further
supports preferential binding between MNA and CB7. The NMR results confirm
binding to cadmium via the carboxylic acid moiety. Stationary and time-resolved
fluorescence results, in solution and in the solid state, indicate that cadmium and
CB7 cause a blue shift in the MNA emission bands and extend its excited-state
lifetime due to dissociation of the MNA dimer. In the solid state, switching the
emission signals between Cd2+-MNA/CB7NPs (ON state) and MNAH+/CB7NPs
(OFF state) was achieved by controlling the pH. An efficient, regenerable, and stable
sensor device was fabricated for the sensitive and selective detection of Cd2+ in
contaminated water samples.

Keywords: 6-mercaptonicotinic acid, cucurbit[7]uril, iron oxide nanoparticles, hostinduced pKa shift, cadmium, time-resolved fluorescence, regenerable sensing, pHcontrolled.
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)Title and Abstract (in Arabic

اإلرتباط التفضيلي لمعقد الكوكوربتيوريل السابع المغلف بمواد أكسيد الحديد النانوية مع
حمض الميركابتونيكوتينيك للكشف الفلوري في الحالة الصلبة عن أيونات الكادميوم
السامة في عينات المياه من خالل التحكم بدرجة حموضتها
الملخص

تم تحضير مواد معقدة متكونة من مواد أكسيد الحديد النانوية ،والتي تم إرفاقها
بجسيمات حمض الميركابتونيكوتينيك المرتبط بمركب الكوكوربتيوريل السابع ،وذلك للكشف
عن أيونات الكادميوم السامة في عينات المياه كجهاز استشعار يعمل في الحالة الصلبة .تم التأكد
من ارتباط حمض الميركابتونيكوتينيك مع مركب الكوكوربتيوريل بواسطة تقنيات االمتصاص
لألشعة الفوق بنفسجية وتقنية التحليل الطيفي بالرنين المغناطيسي .كشفت النتائج أن ارتباط
الكوكوربتيوريل هو أقوى مع الشكل الحامضي للميركابتونيكوتينيك عنه في الوسط المعتدل
الحموضة بأربعة أضعاف .تم التحقق من ذلك أيضا من خالل الزيادة في قيم ثابت الحموضة
للمركب المعقد الجديد بقيمة  2.1وحدة .نتائج الرنين المغناطيسي النووي كشفت عن موقع
ارتباط أيون الكادميوم مع حمض الميركابتونيكوتينيك عبر رابطة الكربوكسيل الحمضية .قمنا
أيضا باالستعانة بتقنية القياسات الزمنية للتوهج الفلوري في الحالة الصلبة والمحاليل لدراسة
تأثير إضافة مركب الكوكوربتيوريل أو الكادميوم إلى حمض الميركابتونيكوتينيك .كشفت النتائج
أن كالهما يؤديان إلى إزاحة قيمة الطول الموجي لالنبعاث الفلوري الخاص بحمض
الميركابتونيكوتينيك ،باإلضافة إلى إطالة فترته العمرية في الحالة المستثارة ،والذي يحدث
بسبب تكسير الروابط الثنائية المتواجد عليه .يمكن االنتقال من وضع تفعيل وانطفاء اإلشارة
الفلورية الستشعار الكادميوم من خالل التحكم في حموضة الوسط في الحالة الصلبة .بناء على
ذلك ،قمنا بتصنيع جهاز استشعار فلوري فعال ،مستقر وقابل للتجديد للكشف الدقيق واالنتقائي
عن أيونات الكادميوم السامة في عينات المياه الملوثة.
مفاهيم البحث الرئيسية :حمض الميركابتونيكوتينيك ،الكوكوربتيوريل السابع ،مواد أكسيد
الحديد النانوية ،ثابت الحموضة للمعقدات ،كادميوم ،القياسات الزمنية للتوهج الفلوري،
االستشعار الفلوري ،التحكم بالحموضة.
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Chapter 1: Introduction

1.1 Overview
The new construction of a hybrid host−guest supramolecular nanomaterial is a
great development of new sensing devices for the fluorescence detection of toxic
metal ions. Employing the host−guest approach bestows a pH-controlled feature of
the final device. The ability to control the retention and release of the sensor device
in the solid state upon changing the pH of the media is not surprising. However, the
distinct mechanism occurs without the need to covalently link the fluorescent probe
to the nanomaterial while creating a regenerable system. The fabrication of such a
system is widely used in drug delivery, but the application in chemical sensing for
toxic metal ions is realized for the first time.

1.2 Statement of the problem
To fabricate a solid sensor device (MNA/CB7NPs) by steady-state (PL), then
characterize it by time-resolved photoluminescence (TRPL) measurements in
solution and in the solid state. The aim is also to obtain an efficient regeneration of
the sensing process for cadmium ions in which the fluorescence signal can be
restored, and this is achieved upon controlling the pH (dilute HCl).

1.3 Fluorescence
Luminescence is a phenomenon that is basically associated with light and its
interaction with substances. It has two different forms, fluorescence, and
phosphorescence. Luminescence is generally defined as the emission of photons after
a substance has absorbed light in the ultraviolet region or other electromagnetic
radiation. Emission occurs from an electronically excited state in the visible region
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when molecules are being transited from a high energy level to a lower energy level.
Depending on the nature of the excited state and the direction of the electronic spin,
fluorescence and phosphorescence (Figure 1) are two processes resulting with
different emission rates and excited-state lifetimes. Figure 1 presents the PerrinJablonski diagram which is widely used to understand all the molecular processes
occurring starting from light absorption to emission.

Figure 1: Jablonski diagram.

As illustrated in Figure 1, when a molecule absorbs light in the ground state
(S0), the amount of energy it gains, allows it to promote into a higher energy state (S1
or S2) in which is called the excited state. S0 is basically a stable level where it has
two electrons per orbital that are paired and spinning oppositely to each other.
Whereas, S1 and S2 are singlet excited states where one electron is now present in a
higher energy level and still spinning in opposite orientation relative to the electron
in the lower orbital. T1, on the other hand, is a different excited state in which the
electron is somehow spinning in the same direction as the other one. After
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absorption, the excited molecule will exist in a number of vibrational energy levels in
these electronic states. The fluorophore, a part of the molecule which interacts with
light, will lose this excess energy in a quest for higher stability in the ground state by
different molecular process. One process is called the vibrational relaxation which
takes place through intermolecular collisions at a time scale of 10-12 s that is faster
than that of the fluorescence process [1]. Another possibility is when the electron
jumps back into a lower electronic state without emission of light through an
intramolecular process called internal conversion. This process happens when two
electronic levels of the same multiplicity are very close with an overlap in their
vibrational levels, which facilitates the movement of the electron from S2 to S1. Intersystem crossing is another process that occurs via inversion of the spin of the excited
electron from S1 into the first triplet state T1. S1 to T1 transition results in the
phosphorescence phenomena.
The above-mentioned processes are non-radiative in which energy is lost as
heat or through quantum mechanics. However, Fluorescence and phosphorescence
are radiative relaxation steps in which light is emitted. Fluorescence is a more
common phenomenon that happens within a lifetime of 10-8 s and generally shifted to
a shorter wavelength (high energy) compared to phosphorescence (longer
wavelength and lower energy).
Fluorescence phenomena are characterized by the emission quantum yield and
the excited-state lifetime [2]. Quantum yield is relatively the number of photons that
were emitted over the total number of photons observed as illustrated in the
following equation:
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(1.1)

Molecules with high quantum yield exhibit high fluorescence intensity. Excited-state
lifetime, on the other hand, is a very important tool to determine the time needed for
a fluorophore to undergo a relaxation process back to S0. The excited-state lifetime
can best be described by the classical kinetics. Consider a population transferring
between the ground and the excited states as follows:
Absorption:

(1.2)

Radiative decay:

(1.3)

Non-radiative decay:

(1.4)

Based on these elementary steps, the rate of the reaction in terms of the
disappearance of the excited molecules M*, is given by:

(1.6)

Applying the steady-state approximation, the change in concentration will be:

(

(

)

)

(1.7)

By combining Equations 1.1, 1.3 and 1.7, the quantum yield becomes:

(1.8)

Where Kr is the radiative decay process and Knr is the non-radiative rate constant.
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For expressing the lifetime constant (τ), consider the radiative and non-radiative
decay rates for the change in M* concentrations as a function of time:

(1.9)
Integration of Equation 1.7 gives the concentration profile for [M*]
(

)

(1.10)

Fluorescence lifetime (τ) is defined by the time required, after excitation, for
fluorescence to reduce to 1/e (=0.368) times its original intensity. It is then expressed
as:
(1.11)

The fluorescence quantum yield and the excited-state lifetime are then related by
Equation 1.12:

(1.12)

Excited-state lifetime is an absolute measure when compared to steady-state spectra
measurements. It is also more accurate because it is not affected by the variations in
excitation intensity, the concentration of chromophore/ fluorophore or the source of
optical loss.

1.4 Time-resolved fluorescence technique
Fluorescence is considered one of the most popular techniques in studying the
nature and the behaviour of chemical compounds. The fluorescence signal is
measured either by the steady-state (PL) or time-resolved fluorescence (TRPL)
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techniques. The emission steady-state spectrum alone is not enough to provide full
knowledge about the compound. For that, the time-resolved fluorescence technique
is a complementary tool, which contains more information than the mere steadyspectra gives. The PL data is resulted mainly by recording the fluorescence signals
emitted by the sample as a function of wavelength when it is exposed to a continuous
light source. However, in the TRPL measurement, the sample is being excited by a
short pulse of light, generating a time profile of the fluorescence intensity. Normally,
the emission decay as a function of time is recorded by the instrument in a time range
of picoseconds to nanoseconds (Figure 2).
To elaborate on the excited state lifetime measurements, it is important to
consider the case when the sample contains a mixture of fluorophores. Consider a
fluorophore that was excited by a pulse of light, the excited-state population
exponentially decays by virtue of a time-dependent intensity I(t) function and that:
⁄

( )

(1.13)

where I0 is the initial intensity at time = 0 and τ is the excited state lifetime.
Equation 1.13 presents a sample that has a single exponential decay, which
corresponds to a single lifetime component. However, sometimes TRPL produces
multi-exponential decays because of the presence of multi-fluorophores mixture in
the sample. The following equation is then used to describe this system by summing
up all of the exponentials decays:
( )

∑

⁄

(1.14)

where αi is the contribution of each fluorophore to the total decay function and τi is
the individual excited state lifetime. To study the contribution of each lifetime to the
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steady-state spectra (PL), the fraction

is normally expressed as a function of αi and

τi as follows:

∑

(1.15)

The observed response function (( ( )) also contains a contribution from the
instrument response function (IRF), which is related to the timing of the detector,
monochromators and other electronics. The IRF is simply measured using a diluted
suspension (Ludox) by scattering the excitation light. Figure 2 illustrates the
emission decays presented as a function of time at a selected wavelength along with
the IRF for some samples measured at the UAEU photochemistry laboratory.

Figure 2: Emission decay of two different samples, IRF, and the single exponential
fit. Reproduced with permission from Frontiers in Chemistry [3].

Most of the time-resolved fluorescence measurements are performed using the
Time Correlated Single Photon Counting (TCSPC). This method is used to measure
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the time period where the sample is first excited and the arrival of the emitted photon
to the detector. The recorded difference in time is then converted into voltage
provided by the electronic parts of the instrument (Figure 3). The measurements are
repeated several times to report the statistical data about fluorophores emission. The
difference in time is then sorted into a histogram (Figure 4) that represents the
emission pulse overtime at a selected wavelength after excitation pulse [1].

Figure 3: Electronic schematic for TCSPC. S = sample, Δt = time difference between
excitation and emission pulses, CFD = constant function discriminator that measures
the arrival time of the pulse, TAC = time-to-amplitude convertor, WD = widow
discriminator, PGA = programmable gain amplifier that amplifies TAC voltage,
ADC = amplitude digital convertor that converts TAC voltage to a numerical value.
Reproduced with permission from Springer [1].
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Figure 4: Principle of TCSPC method. Adopted with permission from Springer [1].

1.5 The science of host−guest chemistry
Since its first development by Lehn, Cram, and Pederson back in 1987 [4], the
host−guest science has been attracting many scientists where it has been showing a
tremendous capability of applications and usages. The beauty of this science lies in
utilizing a non-covalent interaction that will lead to convert a simple, naturally
abundant molecules into useful systems made up of two or more individual
molecules, joined together. As the name implies, the host−guest chemistry is simply
defined as having a small molecule called the guest to be encapsulated or engulfed
by the cavity of a bigger cyclic organic molecule called the host as represented in
Figure 5. The host binds the guest through non-covalent interactions such as
hydrogen-bonding, van der Waals, dipole-dipole forces, π-π stacking, electrostatic
interaction, and hydrophobic/ hydrophilic attraction [4, 5]. These bonds are known to
be relatively weak, therefore, the constructed host−guest systems are easy to be
controlled and can be utilized as reversible, recycled and self-assembled structures.
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The advantage of this non-covalently is also to provide an easy approached system
by avoiding complicated synthesis and purification steps. The host−guest science is
also termed as supramolecular chemistry because it evolves small building blocks
into larger structures.

Figure 5: A demonstration showing the non-covalent interaction of a host and a guest
molecule.

To better understand the potential of supramolecular chemistry, one must be
familiar with the types of macro-cyclic molecules that are extensively investigated. A
number of macro-cyclic molecules and their derivatives have been developed and
widely utilized for many years, including cucurbit[7]urils (CBns), cyclodextrins
(CDs), calixarenes (CAs) and pillar[n]arenes represented in Figure 6 [4].
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Figure 6: Chemical structures and graphical illustrations of cyclodextrin (CD),
cucurbituril (CB) and calixarene (CA). Adopted with permission from ACS Reviews
[4].

As a young family in supramolecular chemistry, there are several members of
macrocycles of the cucurbit[n]urils family. The first container of this family was first
synthesized by Behrend in 1905 [4, 6]. Yet, the product was only recognized after
Mock’s research group repeated the experiment and had a full understanding of the
new chemical structure of the CB parent [7]. CB is simply prepared through a
condensation reaction of glycoluril and formaldehyde in an acidic medium, resulting
in a white product that is composed of glycoluril units connected by methylene
groups.
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Figure 7: Chemical structures of cyclodextrins and cucurbit[n]uril macrocycles.

As shown in Figure 7, the width of a CB cavity depends on the number of
glycoluril units where it can reach up to 10 units giving it its cyclic structure. CB
family plays a big rule in supramolecular host−guest chemistry, where it has the
ability to form stable complexes due to its rigid structure [8]. The absence of any
electron pairs or bonds inside the cavity of CB [4, 6], gives it nonpolar and
hydrophobic properties which facilitate the sequestering of neutral guest molecules.
CB can also engulf positively charged molecules through ion-dipole interaction with
the carbonyl groups. CB compounds are also featured with other interesting
properties such as non-toxicity, water-soluble, and high guest-loading capacity.
These unique features, besides the new features obtained upon complexation, made it
attractive to be utilized in different applications, such as drug delivery,
photochemical catalysis, pharmaceutical development, solar cell technology and
chemical sensing [7−9].

1.6 Supramolecular nanostructured materials
Over the past recent years, there has been an increasing number of hybrid
supramolecular nanostructured materials for various applications in biomedicine
[10−15] chemical sensing, [16−20] and energy conversion [16, 21] because of their
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distinct properties when compared to the classical nanomaterial. In these reports, the
combination of supramolecular host−guest chemistry with nanoparticles (NPs)
endows the final architectures with reversibility and stimuli-responsiveness
characteristics [5, 22 and 23]. Properties such as high and selective binding affinity
in a suitable cavity size of the guest macrocyclic molecules discussed in Section 1.5
allow an easy design of novel dynamic nanostructured materials. Different examples
of supramolecular nanomaterials can be constructed based on their applications. For
example, a host−guest complex, wherein a small organic molecule (guest) is
embedded in the cavity of a larger molecule (host) through non-covalent
intermolecular interactions [25, 26], of rhodamine-tagged cyclodextrin with
admanatane moiety was developed for the fluorescent detection of mercury(II) ions
[24]. The host−guest complex was also covalently attached to magnetic iron-oxide
NPs. Furthermore, a fluorescent-based sensor was developed by functionalizing
neutral red gold NPs with SH-β-cyclodextrin for the detection of nitrile ions [19].
Iron-oxide NPs have been also employed in several sensor devices because of their
magnetic properties [24, 27−30]. NPs have been modified with boron
dipyrromethene (BODIPY) [20], L-Cys [28], polythiophene and polystyrene
polymers [29], or CdSe quantum dots coated by chitosan@mercaptopropionic acid
[30], for the fluorescent detection of adenosine 5′-triphosphate [27], iron(III) [28],
palladium ions [29], or copper(II) [30].

1.7 Fluorescence sensing of metal ions
As discussed before, fluorescence is a powerful technique that is rich in the
information it can provide about any chemical structure and its response to
electromagnetic radiation. One major application of fluorescence in chemical sensing
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is for the detection of chemical species such as explosives [17], and metal ions [18,
20, 31 and 32].
Two major phenomena can occur during a fluorescence sensing mechanism,
the signal is either quenched or enhanced with the addition of a specific analyte. To
better understand the fluorescence quenching mechanism, consider a molecule going
through the same kinetic pathway as described in Section 1.1 (Equations from 1.2 to
1.4). One more step is then added to this mechanism, which involves a reaction
between the analyte and a quencher molecule (Equation 1.16).
(1.16)
Quencher is a molecule that participates in deactivating the fluorescence signal
of the substance, through different types of intermolecular processes, such as
fluorescence energy transfer (FRET), photo-induced electron transfer (PET), excited
state proton transfer (ESPT) and excimer or exciplex formation [2]. Following this
concept, the fluorescence quantum yield expression can then be written in the
presence of quencher as follows:

(1.17)
If the ratio of the quantum yield was calculated in the presence and absence of the
quencher, the resulting formula will present the Stern-Volmer equation as follows:
⁄

(1.18)

where kq is the bimolecular quenching constant and τ is the unquenched lifetime.
The quenching process is an intermolecular process, which can happen either
dynamically or statically. In the dynamic process, the excited state lifetime changes.
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However, in the static quenching, the lifetime remains unchanged as shown in
Equations 1.11 (from Section 1.4) and 1.19, where the complex is formed in the
ground state.
(1.19)

Equation 1.11 (from Section 1.4) presents the lifetime of a species that
undergoes a static quenching before and after the occurrence of an intermolecular
process. However, Equation 1.19 explains the dynamic process in which the lifetime
is changed after the intermolecular process happens.

1.8 Metal sensing by photoinduced electron transfer
Photoinduced electron transfer (PET) is a process where an electron is donated
from a donor molecule to an acceptor molecule upon the excitation of this donor. As
illustrated in Scheme 1, the electron is transferred from the excited donors LUMO to
the LUMO of the ground state acceptor where the LUMO of the donor is higher in
energy than that of the acceptor [33]. Such a process causes a charge separation
generating a redox reaction in the excited state.

Scheme 1: Presentation of molecular orbital diagram for the PET mechanism.
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PET can happen either intramolecularly (within the molecule itself) or
intermolecularly (upon interaction with another molecule). There have been several
systems of PET that can be studied by using different approaches. In the
supramolecular, the host is mostly responsible for the PET when it complexes to the
guest molecule. Nanomaterials are also known to display PET phenomena, where the
transferred electron from the adsorber dye onto the conduction band of the
semiconductor, is the key for charge separation/ combination in these solid surfaces
[3]. The mechanism of PET in supramolecular nanostructured material has been
reported by some research groups [13, 34−37]. Generally speaking, PET can
decrease or increase the fluorescence intensity, depending on the targeted analyte.
Within this context, different systems were designed by employing the PET for
different applications such as drug delivery [13, 36], solar cells efficiency
enhancement [3] and chemical sensing.

Metal ions fluorescence sensing is rich in literature. Metals restore the emission
back through the suppression of the PET process through its chelation to the electron
lone pairs of the donor atom [33, 38].

1.9 Supramolecular host-induced pKa shifts
The host-induced pKa shifts are rationalized by the ion-dipole interactions
between the carbonyl portals of a host molecule, most famously CB7, and the
positive center of the guest molecule [39]. The present work enables efficient
reversal of the sensing behavior by utilizing the ability of CB7 to modulate the pKa
of the embedded guest, as CB7 preferentially binds to a cationic guest over a neutral
guest. The host-induced pKa shift enables a pH-mediated control over the
sequestration and release of the guest molecule in solution [23, 40 and 41] or on the
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surface of the nanomaterial [42]. Utilization of a host-induced pKa shift in a
supramolecular architecture for chemical sensing has not been reported in literature,
and the concept has only been applied for drug delivery [42]. The employment of
host-induced pKa in the present work obviates the need to covalently modify NPs
[24] in the quest to achieve responsiveness to pH (the current work) or other
chemical stimuli [24].

1.10 pH-controlled of cucurbit[7]uril-coated iron oxide nanoparticles to 6mercaptonicotinic acid fluorophore for cadmium detection
Inspired by host−guest systems, a hybrid supramolecular NPs was fabricated
for the chemical sensing of highly carcinogenic [43−45] cadmium ions in water
samples. Cadmium is considered one of the most hazardous pollutants to the
environment and human health [44−48] and is widely used in many electronic
devices [44], including electroplating, Cd-bearing alloys, Cd-Ni batteries, pigments,
PVC stabilizers, and control rods in nuclear fission reactors [46]. Detection of
cadmium ions in aqueous solutions is well known [49−50]. Most of these methods
have used separate ligands [49], macrocycles [32] or NPs [31] for the fluorescent
detection of cadmium ions in water samples instead of utilizing the benefits from
their combination. In rare examples, 11-mercaptoundecanoic acid (MUA) was solely
grafted onto red-emissive gold NPs (without a macrocycle) for the fluorescent
detection of cadmium [50]. Important to say, cadmium has also been detected by di(1H-pyrrol-2-yl)methanethione (DP)-functionalized gold NPs, in which the detection
was monitored through colorimetric (not fluorescent) sensing [51]. The use of
constitutional/smart functional materials, which are highly selective and sensitive to
fluorescence, has yet to be reported. Fabrication of materials, which combines
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supramolecular chemistry with magnetic NPs is particularly motivated because they
impart sensor regeneration.

Herein, and inspired by the previous findings, the solid sensor nanostructure
platform is made of iron-oxide (γ-Fe2O3) NPs [52, 53] coated with cucurbit[7]uril
(CB7) [7−9, 54] that is complexed to 6-mercaptonicotinic acid (MNA) [55, 56]
fluorophores (Figure 8), which has previously been shown to calorimetrically detect
cadmium and other metal ions, while displayed on a nanoparticle surface [43,44].
Furthermore, fluorescent detection of cupper(II) ions [59] or mercury(II) ions [60],
by functionalizing ZnS:Mn(II) quantum dots with MNA and L-Cysteine [59] or
methylmercury-MNA-oval albumin-based composite [60] have also been reported.

Figure 8: Chemical structures of the fluorescent probe MNA, along with the CB7
macrocycle. Depending on the protonation/deprotonating of the N atom, two forms
can exist of the coordinating ligand: MNA and MNAH+.
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Here, the solid sensor platform, MNA/CB7NPs, was fabricated and
characterized by stationary and time-resolved photoluminescence (TRPL) in solution
and the solid state. Efficient fluorescent sensor regeneration, specific to cadmium
ions (from cadmium nitrate), was achieved upon lowering the pH (with HCl) (Figure
1). This is the first report of utilizing a host-induced pKa shift to improve the turnover
of a solid sensor.
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Chapter 2: Methods

2.1 Samples and reagents
CB7, MNA, and metal ions (purity >99.9%) were purchased from SigmaAldrich and used as received. However, the host was assumed to contain 20% water
in the calculation of concentrations as notified by the supplier. All deuterated
solvents (D2O, DMSO-d6, and CDCl3), dimethylamine ((CH3)2NH) and ferrous
dodecyl sulfate (Fe(DS)2) and metal ion salts (C4H6O4Hg, Ba(NO3)2, NiCl2, LiNO3,
C4H6CuO4.H2O, NaCl, Zn(CH3O2).2 H2O, Cr(NO3)3, Ag2O4S and FeCl3) were
purchased from Sigma-Aldrich (purity >99.9%).

2.2 Preparation of metal-ligand and host−guest complexes
The MNA/CB7 complex and Cd2+-MNA were prepared in the solid state by the
grinding method. A 1:1 ratio of the two initial reactants were mixed, grounded for
about 20 minutes and then washed by acetone. The final product was, then, left to
dry under vacuum. Similarly, the Cd2+-MNA/CB7 was formed when a 1:1 ratio of
the starting materials cadmium nitrate and MNA/CB7 complex were mixed in
acetone, then dried off.

2.3 γ-Fe2O3 NPs synthesis
Bare maghemite γ-Fe2O3 nanoparticles (average diameter 10 nm and size
distribution σ = 0.2) were synthesized according to the following procedure [51].
Dimethylamine ((CH3)2NH) was added to an aqueous solution of ferrous dodecyl
sulfate (Fe(DS)2). The final concentrations after the reactants were mixed were
1.4×10–2 mol.L–1 and 1.4 mol.L–1 respectively for Fe(DS)2 and dimethylamine. The
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solution was stirred vigorously for 2 hours at 28°C. HCl (1 M, 12 mL) was then
added in order to reach the isoelectric point (around pH = 7) and precipitate the
particles. The precipitate was magnetically separated from the supernatant. After ten
washes at neutral pH, the nanoparticles were dispersed at pH = 2 in distilled water.
At this stage, bare γ-Fe2O3 nanocrystals were present.

2.4 Surface functionalization of NPs with CB7
γ-Fe2O3 nanoparticle surfaces functionalized with CB7 were synthesized in
accordance with a microwave procedure described previously [36]. An aqueous
solution of CB7 (1 mL, 0.03 mmol) was added to the colloidal suspension (4 mL, nFe
= 0.7 mmol), and the mixture was transferred to a 10 mL vessel with a crimp cap and
heated by microwave irradiation of 2.45 GHz in a microwave reactor (CEM
Discovery, CEM Inc. USA). The power was modulated in order to reach a
temperature of 50°C in one minute and to maintain that temperature for 30 minutes.
The maximum power applied was 300 W. Stirring was initiated at 50°C during the
heating cycle. One or two heating cycles were used to prepare CB7NPs, with two
cycles being optimal. The CB7NPs were washed with water and precipitated by
using a magnet. Iron concentration was deduced from UV−vis absorption data.

2.5 Preparation of MNA/CB7NPs
To encapsulate MNA into CB7 on the NPs surface, CB7NPs nanoparticles
were mixed (2.5 mL, [Fe] = 0.18 M, [CB7] = 2.5×10–4 M; pH = 2) with 1 mg of
MNA in 1 mL H2O (nMNA = 6.5×10–6 mol; CB7: MNA, 1:10). The mixture was
vigorously stirred for 24 hours, at room temperature. The brown precipitate that
formed was collected with a magnet and washed 5 times with water. The
nanoparticles were then dispersed in water at pH = 7.
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2.6 Preparation of Cd2+-MNA/CB7NPs and their regeneration
To adsorb the metal ions on the surface of NPs, MNA/CB7NPs was stirred for
24 hours in 1 mM aqueous solution of cadmium nitrate (CdN2O6.4H2O) salt at room
temperature. The product was collected by using a magnet and washed several times
with water (pH 7) to remove any excess of Cd2+ ions. The OFF state, in which no
cadmium remains adsorbed, was maintained by stirring the Cd2+-MNA/CB7NPs in
the aqueous solution of HCl (pH 3) for 24 hours. The product was then collected by a
magnet and washed by the acidic media to ensure the restoring process. The ONOFF cycle was repeated 3 times by adjusting the pH value between 7 and 3. The PL
for the resulted MNAH+/CB7NPs confirmed the restoring process.

2.7 Sensitivity and selectivity of the MNA/CB7NPs sensor
The sensor sensitivity was determined by measuring the fluorescence
response of MNA/CB7NPs at different concentrations of Cd2+. 1 mL of a Cd2+
solution was added to the MNA/CB7NPs, which was then placed on a fluorescence
cuvette plate and left to dry. The calibration curve was obtained by plotting the
known concentration values against the maximum intensity of each solution at 450
nm. To determine the LOD, the intensities of a blank MNA/CB7NPs sample were
measured twenty times to determine the standard deviation, which was multiplied by
3, then divided by the slope value obtained from the calibration curve (slope = 6.68).
Regarding the other analytical parameters, limits of quantification (LOQ) was added,
which is equal to the standard deviation of 20 blank measurements multiplied by 10,
then divided by the slope of the standard calibration curve in the range from 0 to 1000
micromolar. To determine the selectivity for cadmium, ten solutions with different
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metal ions were prepared at a 1 mM concentration. The same procedure was carried
out for each metal solution, followed by PL measurement.

2.8 Sensing in real water samples
As an application to validate the sensing process, an aqueous solution was
taken from a local hydroponic greenhouse. The solution was first filtered to remove
any undesired suspensions using a Millex-LH syringe driven filter unit. The filtrate
was then spiked with 200 µM and 700 µM Cd2+ ions and then introduced to
MNA/CB7NPs using a similar procedure to that in the above Section. Average
recovery percentages were calculated by extrapolating the intensity values at 450 nm
in the calibration curve.

2.9 Experimental measurements and instrumentation
2.9.1 Fourier transform infrared (FTIR) spectroscopy
The encapsulation of MNA into CB7 on the NPs surface was confirmed and
characterized by ATR-IR spectroscopy using an Agilent Technologies Cary 600
Series FTIR Spectrometer. The spectral data within the range of 4000 to 600 cm–1
were recorded, and 512 scans were averaged for each spectrum with a spectral
resolution of 2 cm–1. The spectrum of the background was recorded first and it was
subtracted from the spectra of samples automatically.
2.9.2 Thermogravimetric analysis (TGA)
The weight percentage of MNA encapsulated by CB7 on the surface of
CB7NPs was determined by TGA. Solid samples (10 mg) under N2(g) fluxes were
characterized with an SDT Q600 TA Instruments analyzer at a heating rate of
5°C/min over a temperature range of 35–700°C. Figure S12 presents the weight

24
losses exhibited by CB7NPs and MNA/CB7NPs. An additional weight loss that
corresponds to MNA is observed. These data clearly are consistent with the presence
of encapsulated MNA. The TGA analysis of MNA/CB7NPs shows a composition of
92.4% iron oxide, 4.1% of CB7 and 1.5% MNA.
2.9.3 Spectroscopy
The UV−vis absorption spectra were measured on the Cary-300 instrument
(Agilent). Fluorescence spectra were measured using the Cary-Eclipse instrument
(Agilent) with slit widths of 5 nm for both the excitation and emission
monochromator. In the titration experiment, the total concentrations of the guest
were kept constant and the host was gradually increased. The optical spectra were
plotted as a function of the host’s total concentrations at a given wavelength. The
intermolecular interaction between CB7 and MNA may be quantified by the affinity
constant referred to as the association equilibrium (K):
MNA + CB7

MNA/CB7
(2.1)

CMNA = [MNA] + [CB7]

(2.2)

CCB7= [CB7] + [MNA/CB7]

(2.3)

where CMNA and CCB7 mean the total concentrations of MNA and CB7, respectively.
It can be written as:
Y (Reading at certain λ) = constant 1 * [MNA] + constant 2 * [MNA/CB7]

(2.4)

Using Equations 2.1-2.4, the following equation is then obtained:
(
√(

)

(2.5)
)

25
where ΔY = optical changes at a given λ; Δ(constant) = the difference between the
molar absorptivity of free and MNA/CB7 complex, and K = binding constant. The
binding constants (K) were then evaluated by using the nonlinear formula of
Equation 2.5. Constant 2 was left as a floating parameter in the analysis by the
Levenberg-Marquardt algorithm, which was provided by SigmaPlot’s software
(version 6.1; SPCC, Inc., Chicago, Illinois, USA).
All proton NMR spectra were performed on a Varian 400 MHz spectrometer.
All 1H-NMR spectra are referenced in ppm with respect to a TMS standard. The pH
values of the solutions were adjusted (± 0.2 units) by adding adequate amounts of
HCl (DCl) or NaOH (NaOD) and recorded using a pH meter (WTW 330i equipped
with a WTW SenTix Mic glass electrode).
2.9.4 Photochemistry
The PL and TRPL were measured by time-correlated single-photon counting
(TCSPC) on the LifeSpec II spectrometer (Edinburgh Instruments) by using a
picosecond diode laser (λex of 375 nm, a repetition rate of 5 MHz, and instrument
function of ~ 30 ps). The TRPL was collected (up to 10,000 counts/s) by a redsensitive high-speed PMT (Hamamatsu, H5773-04) detector. The data were analyzed
by the iterative re-convolution method using the instrument’s software that utilizes
the Marquardt-Levenberg algorithm to minimize χ2. In order to correct for the
contribution of each lifetime, τi with an amplitude αi in the multiexponential model,
to the steady-state intensity, Equation 1.15 was used:
∑

where the sum in the denominator is overall the decay times and amplitudes.

(1.15)
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Chapter 3: Results and Discussion

3.1 Interaction of MNA with CB7 in aqueous solution
3.1.1 The strength of binding affinity
The formation of a partial host−guest inclusion complex between MNA and
CB7 was confirmed by NMR titration (Figure 9 and Figure S1 in the Appendix). The
MNA has partially entered the cavity of CB7 in a 1:1 ratio. The mode of inclusion
was confirmed by the shifts of the two proton resonances H-a and H-b to lower ppm
(by ~ 0.1−0.3 ppm) with the addition of CB7, whereas H-c exhibited no shift. The
engulfing of MNA by CB7 was also checked by UV−vis absorption spectroscopic
measurements at pH 2 and 7 (Figure 10).

Figure 9: 1H-NMR spectra of MNA with CB7 (0−2 equivalent) in D2O of pD 1.1
(400 MHz). CB7 peaks are indicated. The peak at ~8 ppm was monitored to
construct the binding titration plot in the inset. Δδ is the difference between the NMR
peak for proton-a in the absence and presence of CB7.
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The appearance of isosbestic points at 300 and 320 nm confirms the 1:1
binding stoichiometry. The extracted stability constants from the NMR and UV−vis
absorption data (see Experimental Section) were 4.6×105 M−1 and 2.7×105 M−1 at
~pH 2 (pD 1). Contrarily, a very weak binding (2.5×102 M−1) was observed between
CB7 and MNA at pH 7 (Figure 10) in agreement with the trend in the NMR data at
pD 7 (Figure S1 in the Appendix), in which no significant shifts were observed upon
the addition of CB7.

Figure 10: The evolution of the UV−vis absorption spectra of MNA (35 µM) with
the addition of CB7 (0−10 equivalent) at pH 2 (A) and 7 (B). The inset shows the
nonlinear fitting to a 1:1 binding model solid line (see the Experimental Section). OD
is the optical density. ΔOD is the difference between the absorbance in the absence
and presence of CB7.
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Figure 10: The evolution of the UV−vis absorption spectra of MNA (35 µM) with
the addition of CB7 (0−10 equivalent) at pH 2 (A) and 7 (B). The inset shows the
nonlinear fitting to a 1:1 binding model solid line (see the Experimental Section). OD
is the optical density. ΔOD is the difference between the absorbance in the absence
and presence of CB7 (continued).

3.1.2 Host-induced pKa shift
Two acid dissociation constants (pKa1 and pKa2) are associated with the
deprotonation-protonation equilibrium of the nitrogen atom in the pyridine ring and
the neutral-anion equilibrium of the carboxylic acid group in MNA, respectively
(Figure S2 in the Appendix). Therefore, binding was investigated by titrating the
concentration of CB7 at pH 2 and 7, as these pH values are associated with the
protonated MNAH+ and neutral MNA (dimer) forms (Figure 11, inset). The pKa1
value shifted by 1.2 units in the presence of CB7 (from 3.11 to 4.35) because CB7
preferentially forms an inclusion complex with protonated MNA compared to its
neutral form (Figures 11 and S3 in the Appendix) [23, 39−41]. The difference in the
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binding affinity of CB7 towards the protonated and neutral forms of MNA enables
pH control of the MNA/CB7 sensor system. At approximately pH 7.0, two UV−vis
absorption peaks were observed at 295 nm and 350 nm, which belong to the neutral
forms of MNA—the dimer at 295 nm and the monomer at 350 nm.

Figure 11: pH titration by monitoring the UV−vis absorption bands of MNA (35 µM)
in the absence (filled circles) and presence of 1 mM CB7 (empty circles). The
prototropic structures for MNAH+ and MNA (dimer) forms, which are associated
with the deprotonation-protonation equilibrium of the nitrogen atom on the pyridine
ring (pKa1) are shown in the inset.

3.1.3 Dimer formation
3.1.3.1 Effects of altering the pH on fluorescent emission
The monomer (MNAH+ at pH 2) and dimer (MNA at pH 7) species emit at a
fluorescent signal in water at 400 and 450 nm, respectively, (Figure 12). Moreover,
the emission maximum of the monomer (excited at 290 nm) was blue-shifted from
450 (dimer) to 400 nm (monomer) when the pH was lowered from 7 to 2. This
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fluorescence switching is attributed to dimer formation upon deprotonation of the
nitrogen in the pyridine ring.

Figure 12: Absorption (black) and emission (red) spectra of MNA chromophores in
water at pH 2 (solid lines) and pH 7 (dashed lines) at room temperature. The
excitation wavelengths (λex) were 290 nm for monomer (A) and 350 nm for a dimer
(B).
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3.1.3.2 Concentration effects
To better understand the emission properties as a function of the pH and
excitation wavelength, the MNA concentration was changed, and its effects on the
NMR spectral profile in CDCl3 and DMSO-d6 were analyzed (Figures S4, S5, and S6
in the Appendix). D2O was not used as the solvent because the protons from the
carboxylic acid and mercapto groups exchange with solvent. The spectra in CDCl3
and DMSO-d6 displayed peaks at approximately 10 and 14 ppm, which belong to the
carboxylic acid group. Specifically, the results in CDCl3 (but not DMSO-d6) confirm
the suppression of dimerization (appearance of the carboxylic acid peak) with
decreasing concentration of MNA. This indicates that the two species in the ground
state belong to monomer and dimer forms.

3.1.3.3 Supramolecular effects
The effect of MNA complexation with CB7 on the emission properties of the
monomer and dimer species was investigated by titrating the concentration of CB7.
The fluorescence of MNA and MNAH+ as a function of CB7 concentration was
determined upon excitation at 290 and 350 nm (Figure S7 in the Appendix). The
emission of MNA shifted from 450 to 400 nm when excited at 290 nm (pH 7)
because it was complexed with CB7 (Figure S7A in the Appendix). The addition of
CB7 increased the population of MNAH+ through ion-dipole interactions as CB7
induces a pKa shift (Figure 12A) [23, 39−41]. Moreover, the fluorescence signal was
greater at 400 and 450 nm upon addition of CB7 without a peak shift when the dimer
and monomer were excited at 350 and 290 nm at pH 2 and 7, respectively, due to
confinement effects (Figure S7B−D in the Appendix).
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3.2 Interactions of MNA with cadmium in aqueous solution
The effects of cadmium on the spectroscopic and photophysical properties of
MNA in solution were investigated at: (i) pH 7 because MNA reacts with cadmium
in its neutral form [57], (ii) an excitation wavelength of 350 nm in order to
selectively excite the dimer species, and (iii) a CB7 concentration of 10 molar
equivalents in reference to MNA to ensure full complexation.
3.2.1 The strength and mode of cadmium binding
The absorptions of MNA and MNA/CB7 in aqueous solutions with varying
concentrations of Cd2+ were measured to determine the extent to which cadmium
binds to MNA at pH 7 (Figure 13). The results confirm the formation of Cd2+-MNA
and Cd2+-MNA/CB7 complexes in the ground state. CB7 enhanced the binding
affinity of MNA toward cadmium ions from 2.7×102 M−1 to 4.2×103 M−1, which is
similar to other CB7 host−guest complexes reported elsewhere in the literature
[61−65]. Changes in the absorption profile indicate that the dimer dissociates at 350
nm upon the addition of cadmium ions, which has an equivalent effect to the addition
of acid (Figure 12) or CB7 (Figure S7A in the Appendix). This suggests that the
presence of CB7 enables cadmium to suppress MNA dimerization.
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Figure 13: Binding of MNA (A) and MNA/CB7 (B) with Cd2+ (35 µM for MNA, 1
mM for CB7, pH 7, and room temperature) by UV−vis absorption method. The inset
shows the corresponding sigmoidal fitting to extract the indicated stability constants.
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To determine the stoichiometry and binding mode between cadmium and
MNA, MNA was titrated in DMSO-d6 solvent and analyzed with NMR. MNA binds
to cadmium in a 1:1 stoichiometry through its –COOH group, which is indicated by
the upfield shift in its peak resonance from 14 to 12 ppm (Figure 14). These results
agree with the reported coordination mode of MNA, in which the COOH group acts
as the binding site for cadmium [57], the same binding site that is reported for a
similar ligand [50]. The peak at 14 ppm was assigned to the –COOH group instead of
–SH group because a concomitant downfield shift of proton H-a was seen upon the
addition of cadmium.

Figure 14: 1H-NMR spectra of MNA in DMSO-d6 with the addition of cadmium
nitrate from 0−4 equivalent (400 MHz). Solvent peaks are indicated as *.
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3.2.2 Fluorescence enhancement upon complexation to cadmium ions
The effect of cadmium ions on the emission spectra of MNA was analyzed at
pH 7 upon excitation of the dimer species (Figure S8 in the Appendix). The
fluorescence intensity was enhanced upon the addition of Cd2+ to MNA and
MNA/CB7 solutions, with greater effects seen on the MNA/CB7 solution as
cadmium induces dimer dissociation. It is likely that confinement effects also
contributed to fluorescent enhancement, as the formation of a 1:1 complex between
MNA and Cd2+ restricts the rotation of the carboxylic acid group [66]. Additionally,
it is possible that suppression of an intramolecular photoinduced electron transfer
(PET) from the carboxylic group to the pyridyl moiety occurred [63, 67] (Scheme 2).
Importantly, the fluorescence enhancement supports the application of this system
for the detection of cadmium on the surface of solid NPs.

Scheme 2: Schematic illustration for the mechanism of intramolecular PET
quenching process upon the interaction of MNA with Cd2+ in solution. The actual
structure of MNA is shown in Figure 8.

3.2.3 Interactions of MNA and MNA/CB7 with cadmium in the solid state
Fourier-transform infrared (FTIR) spectroscopy measurements (Figure S9 in
the Appendix) were collected on solid MNA, MNA/CB7, Cd2+-MNA, and Cd2+MNA/CB7 samples. Results confirmed the formation of MNA/CB7, Cd2+-MNA, and
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Cd2+-MNA/CB7 complexes. The formation of the MNA/CB7 complex is supported
by the shift of aromatic peaks (1550 cm−1) to lower values (1500 cm−1). The carbonyl
peak at approximately 1630 cm−1 (MNA) shifted to lower frequencies upon the
addition of cadmium ions, which supports the NMR results, which indicated that the
cadmium ion coordinates with the carboxylic acid group of MNA (Figure 14).

Figure 15: Photoluminescence spectra (PL) of different complexes in the solid state,
as indicated directly in the graph (A and B). Excitation wavelength was 375 nm.
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Figure 15: Photoluminescence spectra (PL) of different complexes in the solid state,
as indicated directly in the graph (A and B). Excitation wavelength was 375 nm
(continued).

Photoluminescence (PL) spectra were collected for all samples in the solid state
upon exciting the dimer species at 375 nm. The dimer emission band (550 nm)
decreased and the monomer band (450 nm) increased upon the addition of cadmium,
confirming the retardation of MNA dimerization by coordination to cadmium in its
free (Figure 15A) or CB7-complexed state (Figure 15B). In the presence of CB7, the
evolution of the monomer from the dimer form is more pronounced, which is also
attributed to dimerization suppression. It should be noted that both emission spectra
have different profiles than that of CB7 (Figure S10 in the Appendix).
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3.3 Time-resolved fluorescence
The PL results suggest that dimerization is retarded by the addition of cadmium
(Figure S8A in the Appendix) or protonation of nitrogen upon lowering the pH
(Figure 12A) or the addition of CB7 (Figure S7A in the Appendix). Because Cd2+,
H+, and CB7 disrupt dimerization, a blue shift in the MNA emission spectra is seen
from 450 to 400 nm in aqueous solution (pH 7) or from 550 to 450 nm in the solid
state. The emission intensity of the monomer is higher than that of the dimer.
However, the suppression of the intramolecular PET or confinement effects also
leads to fluorescence enhancement.
To determine the contribution of cadmium, pH, and CB7 on MNA
dimerization, TRPL measurements were conducted. The emission decays (Figure
16A) were monitored at 400 nm, corresponding to the monomer species maximum,
in aqueous solution (pH 7 at room temperature) upon exciting the MNA dimer at 375
nm in the absence or presence of CB7 and cadmium nitrate (40 molar equivalents
each). A triple exponential function was used to fit the data, which was then used to
identify the long-lived components (at approximately 2 and 8 ns) as the monomer
species and the short-lived species (at approximately 0.3 ns) as the dimer (Table 1).
The contribution from the long-lived components (monomer) increases upon the
addition of CB7, but this behavior is not seen upon the addition of cadmium (Table
1). This is due to the additional suppression of dimerization upon the addition of CB7
to Cd2+-MNA (Figure 13). However, the elongation of the excited-state lifetime is
attributed to the confinement effect/suppression of PET with cadmium ions (Scheme
2). Moreover, the addition of cadmium ions to MNA/CB7NPs restored the long
excited-state lifetime of Cd2+-MNA/CB7 to a greater extent than that lifetime of
MNA/CB7NPs (Figure 9B and Table 1) in agreement with the stationary PL results.
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Figure 16: Emission decays of MNA in solutions (A) and on the top of NPs (B). The
excitation and observed emission wavelengths are indicated directly in the graph.
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Table 1: Excited-state lifetime constants observed at 400 (in solution) and 450 nm
(on NPs) for different species.
τi (ns) (fi%)

Sample

MNA (in solution)

dimer

monomer

Chi-Square

0.06 (63%)

1.83 (21%)

1.31

7.14 (16%)
MNA/CB7 (in solution)

0.17 (27%)

2.17 (37%)

1.14

7.68 (36%)
Cd2+-MNA (in solution)

0.14 (75%)

2.73 (14%)

1.31

9.51 (11%)
2+

Cd -MNA/CB7 (in
solution)

0.46 (26%)

2.33 (45%)

1.15

8.03 (30%)
Cd2+-MNA/CB7NPs (ON
state)

0.34 (39%)

1.04 (37%)

0.88

(in solid state)
3.95 (24%)
The time resolution was ~30 ps for the excitation wavelengths at 375 nm.

In the solid state, MNA/CB7NPs also display an intermolecular PET, during
which the electron transfers from the MNA/CB7 complex to the NPs (Scheme 2).
Binding to cadmium restores both the fluorescence signal and excited-state lifetime
(Figure 9B and Table 1).
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Scheme 3: The mechanism of intermolecular PET quenching process upon the
addition of Cd2+ to the MNA/CB7NPs in the solid state.

3.4 Fluorescent sensing measurements for cadmium ions by MNA/CB7NPs
3.4.1 Preparation of MNA/CB7NPs
Spherical CB7NPs (10 ± 0.2 nm in diameter) were mixed with MNA (CB7:
MNA = 1:10) in water (pH 2) at room temperature for 24 hours. A brown precipitate
formed and was collected with a magnet, washed several times with water to remove
residual MNA, and analyzed by FTIR spectroscopy and thermo-gravimetric analysis
(TGA). The FTIR spectrum of CB7NPs demonstrated the characteristic 600 cm−1 Fe–
O absorption band of iron oxide, as well as carbonyl bands at 1732 cm−1 and 1634
cm−1 from CB7 that correspond to uncomplexed and particle-bound carbonyls,
respectively (Figure S11 in the Appendix). The FTIR spectrum of CB7NPs treated
with MNA (Figure S11 in the Appendix) shows that the CB7NP structure is
preserved in the presence of MNA, as evidenced by the characteristic Fe–O band and
CB7 absorptions; however, the C=O absorption of CB7 is less intense and shifted
due to interactions between MNA and CB7 [4, 51 and 59]. In addition, a new set of
peaks can be seen that correspond to MNA. MNA/CB7NPs were then quantitatively
analyzed using TGA, which revealed a loss in weight upon addition of MNA to the
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CB7NPs, corresponding to the 1:1 complexation on the nanoparticle surface (Figure
S12 in the Appendix).
3.4.2 Validation of cadmium sensing by MNA/CB7NPs in the solid state

Figure 17: Photoluminescence spectra (PL) of MNA/CB7NPs system with (ON
state) and without Cd2+ (OFF state). Excitation wavelength at 375 nm. The PL
spectrum for MNA/CB7 was added for comparison.
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Figure 17A compares the PL spectra of MNA/CB7 to MNA/CB7NPs in the
solid state. As expected [27, 46], the iron-oxide NPs quenched the emission and
decreased the excited state lifetime, as indicated by the data in Table 1, due to the
transfer of electrons from the carboxylic group of MNA to the Fe3+ center in the NPs
[20]. However, when cadmium is bound to MNA/CB7NPs, the emission (Figure
17B) and excited-state lifetime (Figure 9B and Table 1) were restored, either because
electron transfer was suppressed (Scheme 2) [63, 67] or due to confinement effects
[66], which was demonstrated in solution. Cadmium coordination is evident from the
peak position, which appears at 450 nm instead of 550 nm because of the formation
of monomer species.
To investigate sensor regeneration for the selective and sensitive detection of
cadmium ions and subsequent fluorescent signaling, the PL of MNA/CB7NPs was
measured in the solid state in the absence and presence of different metal ions
(Figure 18). The NPs were immersed in an aqueous solution with 1 mM of a metal
ion (Ba2+, Cu2+, Hg2+, Li+, Ni2+, Zn2+, Na+, Fe3+, Cr3+ or Ag+) in the form of acetate,
chloride, or nitrate salt at pH 7 and room temperature. The fluorescence maximum
did not change in the presence of any of the metal ions except for cadmium.
Moreover, the excited-state lifetime did not change, which confirms the formation of
the complex at the ground state (Figure S13 in the Appendix).
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Figure 18: Fluorescence response of MNA/CB7NPs towards various metal ions of 1
mM of each solution, prepared in water at pH 7 and room temperature. Iλ =
fluorescence intensity at a given wavelength.

The PL intensity linearly correlates with the concentration of added cadmium
ions (Figure 19, R = 0.94), which was used to define a calibration curve of
concentration versus intensity for cadmium sensing in the solid state. The lower and
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upper limits of detection (LOD) for cadmium ions were estimated to be 55.5 and
1000 µM, respectively, whereas the limit of quantification was found to be 185 µM.

Figure 19: Photoluminescence spectra (PL) (A) of the MNA/CB7NPs system with
different concentrations of Cd2+ solutions (ON state). Excitation wavelength at 375
nm. Error in the fluorescence reading was estimated to be ±123.
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The new solid sensor device was tested with real water samples, which are
commercially used for irrigation in a private agricultural sector (Abu Dhabi, UAE).
The real water samples, containing the solid sensor device, were spiked with either
200 or 700 µM of Cd2+ ions, and the fluorescence of the solution was determined
upon the excitation at 375 nm (Figure S14 in the Appendix). The fluorescence
recovery of the solid sensor was 115.5 and 119.14% for real water samples spiked
with 200 or 700 µM of Cd2+, respectively (Table 2). The lifetime did not change due
to the formation of the metal-ligand complex in the ground state (Figure S14B in the
Appendix).

Table 2: Fluorescence recovery of the solid sensor MNA/CB7NPs in hydroponic
greenhouse water samples spiked with Cd2+.
Sample

Spiked Cd2+ (µM)

MNA/CB7NPs Recovery (%)

1

200

115.50

2

700

119.14
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Figure 20: Schematic representation of the implementation of MNA/CB7NPs for the
detection of Cd2+ in the solid state. Step 1: the formation of Cd2+-MNA/CB7NPs in
aqueous solution (pH 7). Step 2: the solution was decanted and the solid composite
was collected by a magnate, which glows blue (450 nm) in the solid state upon the
exposure to 375 nm-laser (a photo is shown on the top of a cuvette plate). Step 3: the
regeneration step was accomplished by adding HCl (pH 3). Step 4: the suspension
was washed with water (pH 7) and the solid was separated from the liquid phase by a
magnate to restore the sensing cycle (step 1).
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3.4.3 Novelty of the present work
The ability to regenerate and reuse the fabricated solid sensor was then
determined (Figure 20) by repeating the sensing cycle upon the addition of a
quantitative measure of HCl to produce the OFF state (MNAH+/CB7NPs). The
addition of a cadmium nitrate solution at pH 7 restores the emission and the longer
excited-state

lifetime

by

generating

the

ON

state

(Cd2+-MNA/CB7NPs).

Measurements were collected over 3 cycles of sensor regeneration (Figure 21).

Figure 21: Photoluminescence spectra (PL) of the MNA/CB7NPs in the OFF and ON
states after excitation at 375 nm.
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Figure 21: Photoluminescence spectra (PL) of the MNA/CB7NPs in the OFF and ON
states after excitation at 375 nm (continued).

The ability to control the retention and release of chemical species in the solid
state upon changing the pH of the media is not surprising [69−74]. However, the
distinct mechanism demonstrated herein relies on a host-induced pKa shift. Such a
unique mechanism enables a pH-mediated control without the need to covalently link
the fluorescent probe to the NP [24]. Its application in chemical sensing is realized
for the first time in this report and can be further extended to many other relevant
applications.
The concept of pKa shift has specifically been exploited, in the present work, to
fabricate a portable sensor device through a simple procedure, which bypasses
multiple syntheses while keeping an efficient and reversal sensing process.
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Chapter 4: Conclusion
Preferential binding of CB7 toward the protonated form of the fluorescent
probe, MNA, was exploited to develop a pH-driven, stimuli-responsive,
nanostructured sensor device for the detection of cadmium ions. Time-resolved
fluorescence measurements were used to elucidate the mechanism of fluorescent
enhancement during the sensing process, both in solution and the solid state. The
sensor regeneration mechanism is novel and could be expanded to other metal ions
and coordinating ligands. Cadmium ions are among the most hazardous pollutants in
water, and developing simple sensor devices for the sensitive detection and recovery
of such pollutants is a major concern for places where water contamination is a
critical issue. Although there are thousands of reported sensors for toxic metal ions,
the present approach is unique as it is reusable, making it cost-effective, while
maintaining its high selectivity and sensitivity. The present technology paves the way
for having more economic sensor devices, significantly developing the current
technology used for sensing cadmium or other metal ions at both domestic and
industrial levels.
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Appendix
Part S1. Titrations

Figure S1: 1H-NMR spectra of MNA with CB7 (0−3 equivalent) in D2O of pD 7.0
(400 MHz). CB7 peaks are indicated.
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Figure S2: The evolution of the absorption spectra of MNA (35 µM) as a function of
pH from 1−7 (A) and 4−12 (B), together with the corresponding HendersonHasselbalch sigmoidal fit.
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Figure S3: The evolution of the absorption spectra of MNA/CB7 complex (35 µM
for MNA and 1 mM for CB7) as a function of pH from 1−7, together with the
corresponding Henderson-Hasselbalch sigmoidal fit. The acid dissociation constants
(pKa1) is associated with the deprotonation-protonation equilibrium of the nitrogen
atom in the pyridine ring.
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Part S2. Solvents and concentration effects by NMR spectroscopy

Figure S4: 1H-NMR spectra of MNA in CDCl3 at different concentrations (400
MHz). Solvent peaks are indicated as *.
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Figure S5: 1H NMR spectra of MNA in different concentrations using DMSO-d6
(400 MHz). Solvent peaks are indicated as *.
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Figure S6: 1H NMR spectra of MNA in three different solvents, DMSO-d6, CDCl3
and D2O (400 MHz). Solvent peaks are indicated as *.
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Part S3. Interactions of MNA with CB7 and cadmium in solution

Figure S7: The effects of CB7 (0−17 equivalent) on the emission spectra of MNA
(35 μM) at pH 7 (A and C) and pH 2 (B and D).
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Figure S8: Binding titration of MNA (A) and MNA/CB7 (B) with cadmium ions
(0−10 equivalent) (35 µM for MNA and 2 mM for CB7) at pH 7. The inset shows the
corresponding 1:1 binding fit with the corresponding binding constant K.
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Part S4. Interactions of MNA with CB7 and cadmium in the solid state

Figure S9: Fourier-transform Infrared (FTIR) spectra in KBr desk for different
solids, as indicated the figure.
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Figure S10: Photoluminescence spectra (PL) of different complexes in the solid state.
Excitation wavelength was 375 nm.
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Part S5. Preparation of MNA/CB7NPs

Figure S11: FTIR spectra of MNA, CB7NPs and MNA/CB7NPs.
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Figure S12: TGA curves of MNA, CB7NPs, and MNA/CB7NPs.
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Part S6. Fluorescent sensing measurements for cadmium ions by
MNA/CB7NPs

Figure S13: Emission decays of the MNA/CB7NPs system with different
concentrations of Cd2+ solutions (ON state) with excitation wavelength at 375 nm.
Static mechanism is confirmed.
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Figure S14: Photoluminescence spectra (PL) (A) and emission decay traces at 450
nm (B) of the MNA/CB7NPs system with different concentrations of spiked Cd2+
solutions (ON state) upon the excitation at 375 nm.
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